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Abstract
Highly porous collagen-glycosaminoglycan (CG) sponges, ultimately to be used
as cell-seeded implants to facilitate the regeneration of selected soft tissues, were
synthesized and cross-linked to various degrees using both chemical (ethanol, glu-
taraldehyde) and physical (dehydrothermal, ultraviolet irradiation) methods. Tendon
fibroblasts were seeded into the scaffolds and the contraction of the sponges evalu-
ated at 3, 7, 14, and 21 days post-seeding. The cell-mediated contraction of the
sponges was calculated as the difference between contraction of the seeded sponges
and unseeded control scaffolds exposed to the same in vitro conditions, normalized
by the DNA content of the sponges. The cell-mediated contraction for each cross-link
group was then plotted against the modulus of elasticity for that group, as deter-
mined by mechanical testing. Immunohistochemistry using a monoclonal antibody
to a-smooth muscle actin was performed to determine if the contractile actin isoform
was associated with the cell contraction of the sponges.
Linear regression analysis showed a trend of decreasing cell-mediated contraction
with increasing modulus of elasticity, and that dehydrothermal (DHT) treatment of
CG sponges alone is not sufficient to resist contraction by seeded tendon fibroblasts
in vitro. Cross-linking of collagen sponges so that their elastic moduli is at least three
times that of sponges cross-linked by DHT alone may be necessary to sufficiently
improve their contraction resistance.
Alpha-smooth muscle actin was seen in the cytoplasm of most cells in all sponges
at all time periods. This ubiquitous presence of myofibroblasts suggests that these
specialized contractile cells are responsible for the contraction of the CG sponges.
Thesis Supervisor: Myron Spector
Title: Senior Lecturer, Department of Mechanical Engineering
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Chapter 1
Introduction
1.1 Purpose of Research
Porous collagen sponges of varying composition and architecture have been re-
searched as scaffolds for regeneration of a variety of tissues including bone [44], esoph-
agus [42], skin [5], dura mater [41], and muscle [55]. One specific form of collagen
scaffold, a collagen-glycosaminoglycan (GAG) copolymer, serving as an analog of ex-
tracellular matrix, has been used successfully as an implant for the regeneration of der-
mis [7, 50, 58] and peripheral nerve [9, 11]. Promising results have been reported for
treatment of defects in the knee meniscus [51], articular cartilage [6], and tendon [37].
For cases in which the scaffold alone may not be sufficient to induce regeneration of
tissue, exogenous cells have been seeded into the sponges prior to implantation to aid
in the production of new tissue. The addition of some types of cells, however, has
been shown to cause contraction of type-I collagen sponges in vitro [37, 43]. Shrink-
age of the sponges can become problematic in that it changes the shape and size of
the implant and its pores. Alterations in the pore diameter may make migration of
cells from the surrounding tissue into the scaffolds impossible. Changes in the size
and shape of the sponges can make them difficult to implant and when persisting in
vivo, separate the sponge from surrounding host tissue. The cell-mediated shrinkage
of unseeded implants, with the attendant problems noted above, may also occur soon
after implantation as endogenous cells infiltrate the sponge and express a contractile
cell phenotype. This thesis addresses the contraction of collagen-GAG sponges by
exogenous cells in vitro, and to determine suitable methods for controlling the cell-
mediated distortion of these scaffolds by altering the modulus of elasticity through
cross-linking treatments.
1.2 Background
1.2.1 Regeneration Scaffolds
Investigators have sought to determine methods to treat wounds to favor their
regeneration rather than "repair," the end result of which is scar formation. Scar in
tissues which have collagen as a primary component of its extracellular matrix (ECM)
is characterized by collagen fibers which are aligned differently than in normal tissue.
Studies have shown that "functional orientation of the scar tissue matrix components
is generally poor and can take years to realign" [24, 58]. In skin, this alternate
alignment of collagen fibers can result in tissue which has reduced elasticity and a
cosmetically unacceptable appearance.
One promising approach to prevent scar formation has been to implant a porous
material to serve as a scaffold for tissue regeneration. By providing a guide, the direc-
tion of cell migration and cell alignment can be altered, and as a result, the orientation
of the extracellular matrix that they produce can be controlled [20]. It is believed that
this "contact guidance" will improve or speed the process of regaining normal orienta-
tion and in turn, attaining normal or close-to-normal physiological function of regen-
erated tissue. Moreover, cell-implant interactions may affect proliferation and matrix
synthesis in a way that favors regeneration. A number of materials, both natural and
synthetic, have been investigated as regeneration scaffolds in different configurations.
Polylactic acid fibers [17], polylactic-polyglycolic acid meshes, and dimethyltrimethy-
lene carbonate-trimethylene carbonate fibers [48] are examples of synthetic materials
studied for regeneration of body tissues. Natural materials including collagen fibers
[35], carbon fibers [1] , and collagen sponges [7, 9, 11, 37, 50, 51, 58] have also been
researched as aids to facilitate healing of several tissues.
Implantation of scaffolds in various tissues has highlighted the difference in the
regeneration capacity between highly cellular and well-vascularized tissues such as
dermis, and avascular or poorly vascularized tissues with low cell density, such as
articular cartilage, ligament and tendon. In these latter tissues, scaffolds alone do
not appear to be able to induce regeneration. This finding has caused researchers
to investigate the use of scaffolds for transplanting exogenous cells to a wound site,
as well as for providing contact guidance for regrowth of tissue. To this end, in-
vestigators have researched the behavior of various cell types seeded onto synthetic
[8, 54], and natural [18] polymers to be used for transplanting dermal fibroblasts [19],
chondrocytes [21], and tendon fibroblasts [56] into tissues.
Collagen-Glycosaminoglycan Sponges. The porous collagen-GAG (CG) graft copoly-
mer sponge used in this study has been used successfully in regeneration of dermis
and peripheral nerve [25]. In full-thickness dermal wounds, CG sponge sheets with
randomly oriented pores acted as a substrate over which dermal fibroblasts could
migrate and begin to regenerate dermis [58, 59]. In the peripheral nerve, cylindri-
cal sponges with uniaxial pore channels served as guides for regrowth of axons in a
transected nerve [9, 11]. CG sponges were also investigated as implants to regenerate
tendon following full transection of the Achilles tendon in a rabbit model [38]. In this
case, the CG sponge arrested the development of tendon scar, but the newly formed
tissue did not have the fiber orientation, crimp, and strength of normal tendon at 12
weeks post-implantation. This finding prompted investigators to consider seeding the
CG sponges with tenocytes [36]. Earlier work investigated the addition, in vitro, of
keratinocytes onto the CG matrices used for dermal regeneration to produce a one-
stage implant for skin regeneration [45]. More recent studies have focused on seeding
the CG sponges with chondrocytes from articular cartilage [43] onto CG sponges of
varying shape and pore size.
Although the CG sponge has been used primarily without the addition of exoge-
nous cells prior to implantation, the porous architecture which encourages cell migra-
tion from host tissue also makes the CG sponges suitable candidates for cell-seeding.
Preliminary studies have shown that seeded cells from various tissues can attach to
and proliferate within these sponges in vitro [36, 43]. These factors, combined with
the desire of researchers to develop cell-seeded CG sponge implants, prompted the
use of the CG sponges for this thesis.
1.2.2 Fibroblasts and Myofibroblasts
Fibroblasts are the predominant cell type in many connective tissues including
dermis, tendon, and ligament. Fibroblasts are responsible for the maintenance of
these tissues through degradation and formation of the collagen extracellular matrix.
During wound healing, fibroblasts migrate into the wound bed, and according to some
researchers [23], provide the force needed for wound closure through their migration.
In this theory of wound contraction, the movement of fibroblasts act as "individual
units," contracting the granulation tissue in the wound during their migration. Oth-
ers have credited wound contraction to a special type of cell which has features of
both smooth muscle cells and fibroblasts. These cells were first called "myofibrob-
lasts" in 1971 [31], when Gabbiani, et al. noted several ultrastructural features that
distinguished these cells from normal fibroblasts, including "cytoplasmic longitudi-
nal bundles of microfilaments (stress fibers) with scattered dense bodies" [16]. In the
transmission electron microscope, myofibroblasts can also be characterized by nuclear
folds, basal lamina-like cell surface material, and complex cellular junctions [47]. Cell-
to-cell contacts between myofibroblasts are said to be responsible for the formation
of a contractile network of myofibroblasts which act in concert to produce wound
contraction.
The presence of a-smooth muscle actin, the contractile actin isoform found in
smooth muscle cells, also distinguishes myofibroblasts from fibroblasts. Immunohis-
tochemical staining with a monoclonal antibody to a-smooth muscle actin can be
used to identify this actin isoform in the cytoplasm of cells [49].
Gabbiani's 1971 work on myofibroblasts focused on the role that these contractile
cells played in the granulation tissue of wound healing. Since that work was pub-
lished, various researchers have investigated the behavior of these specialized cells
both in vivo and in vitro. The in vivo studies have mostly focused on the presence of
the myofibroblast in healing wounds in tissues such as dermis [16, 26] , ligament [27],
and tendon [46]. In addition, the presence of the myofibroblast in normal, unin-
jured tissues has also been noted [15, 33], although to a lesser degree than in healing
tissues [46].
1.2.3 Fibroblast and Myofibroblast Contraction of
Biomaterials
Many studies of fibroblast behavior in vitro have dealt with the cells' ability to
contract gels and lattices composed of collagen [2, 4, 28] and fibrin [53]. These colla-
gen gels comprised a network of thin collagen fibrils with nominal pore diameters less
than 10 pm. These gels were useful for certain investigations in vitro, but their prop-
erties were not suitable for implants. Fibroblast-populated collagen gels contracted
to a small fraction of their original size within days, and the degree and speed of
contraction directly correlated with the number of cells in the gel. Gels which were
attached to their culture dishes also did not undergo the same degree of contraction
as free-floating gels. In addition, fibroblasts in gels which were anchored realigned
themselves along the stress patterns of the lattice and reorganized the lattice accord-
ing to the location of the anchors [3]. Erlich and Rajaratnam questioned whether
fibroblasts or myofibroblasts were responsible for contraction of collagen lattices [22].
They described "highly oriented sheets of cells" at the lattice periphery which were
"morphologically identifiable as myofibroblasts." It had previously been reported that
these cells, which had formed "highly oriented sheets" and had "actin-rich staining
cytoplasmic stress fibers" were acting as a contractile network to reorient the colla-
gen fibrils around them. In the interior of the lattice, however, randomly oriented
cells with fewer cell-cell contacts and only lightly stained actin filaments were found.
Erlich and Rajaratnam described these cells as "single units" which used the forces
produced by their migration to contract the lattices. Their contention was that fi-
broblasts reorganize the collagen fibrils of the lattice during their locomotion, until
the collagen can no longer be organized. At this point, the cell-cell contacts begin to
form and myofibroblast morphology becomes apparent. According to this theory, the
myofibroblasts are not responsible for the lattice contraction, but instead indicate the
end stage of contraction. While these theories of collagen gel contraction have been
well researched, the cell mechanism of matrix contraction is still in question.
Contraction of collagen sponges by several cell types has been reported. Louie, et
al. noted that tenocytes seeded onto half-cylinders of type I CG sponges contracted
them to 50% of their original area after 14 days in culture [36]. In some cases,
there was also a distinct curling up of the edges of the sponges [37]. In other work,
type I CG sponges seeded with chondrocytes contracted to a greater extent than did
type II collagen sponges [43]. In another recent study of bovine knee meniscus cells
seeded into type I CG and type II collagen sponges [40], the results were similar to
those of the articular chondrocyte study. In each of these cases, it was suggested
that a suitable method needs to be found to control, prevent, or otherwise design
for this contraction of cell-seeded type I CG sponges to be used as implants. This
current investigation is based, in part, on those suggestions, and seeks not only to
understand the mechanism of cell-mediated matrix contraction, but also to determine
suitable methods for controlling that contraction.
1.2.4 Cross-linking and Mechanical Properties of Collagen
Sponges
Cross-linking of collagen-based scaffolds has been shown to affect the strength,
biocompatibility, resorption rate, and antigenicity [57] of these biomaterials. Fur-
thermore, the degree to which these properties are affected by cross-linking is de-
pendent upon the method and degree of cross-linking. Chemical cross-linking with
glutaraldehyde has been widely used to alter the strength and degradation rate of
various collagen-based biomaterials [34, 52]. Degradation of the biomaterial, how-
ever, releases the bound glutaraldehyde which, in certain concentrations, is toxic to
cells. Researchers have attempted to avoid the problems of cytotoxic chemical cross-
linking agents through use of physical cross-linking methods including dehydrothermal
(DHT) treatment and ultraviolet (UV) irradiation. Cross-linking by DHT treatment
is achieved through drastic dehydration which forms interchain peptide bonds [60].
UV irradiation is believed to form cross-links between free radicals which are formed
during irradiation [14].
Because the CG sponges are not generally used as permanent prostheses, but
rather as templates to regenerate tissue, it has generally not been necessary to change
the sponges' mechanical properties to match those of the tissue into which they are
implanted. The sponges are meant to serve as scaffolds for regeneration and then to
degrade over time. The rate of degradation has been controlled by cross-linking the
sponges dehydrothermally [60], with glutaraldehyde [52], and with ultraviolet light [6],
resulting in altered mechanical properties of the sponges, as well.
In a study analyzing the mechanical properties of the type I CG sponges at the
macroscopic, light microscopic, and electron microscopic levels [13], the strain data
from each of these levels strongly correlated with the others, leading the author to
conclude that "the macroscopic mechanical behavior of the tissue analog can be in-
terpreted as a statistical averaging of the mechanical behavior exhibited at the micro-
scopic level." The macroscopic stress-strain relation of the sponges was determined
to be the "typical concave-up shape characteristic of the behaviour of porous ma-
terials and soft tissues" [12]. While the shape of the stress-strain curve of collagen
sponges cross-linked with glutaraldehyde for 24 hours was similar to DHT cross-linked
sponges, the glutaraldehyde cross-linked sponges had a higher modulus of elasticity.
In attempting to control cell contraction of CG sponges, the mechanical strength
of the substrate was considered. Cells have been shown to rapidly and greatly contract
three-dimensional collagen gels and two-dimensional elastomeric substrates [32] with
very low mechanical stiffness. In contrast, cells do not contract very stiff materials,
such as polystyrene tissue culture dishes. In both cases, the cells adhere to the
substrate and are able to migrate and proliferate. The difference in contractability,
therefore, would appear to be a result of the extreme difference in the stiffness of
the materials. This thesis focuses on synthesizing CG sponges of varying stiffness
to test the ability of seeded cells to contract them. The methods used previously to
control degradation of the sponges have also been shown to affect their mechanical
properties, and these methods have been used for this thesis to produce collagen
sponges of varying stiffnesses.
1.3 Specific Aims and Design of Experiments
The primary goal of this thesis is to determine the effect of the modulus of elasticity
of collagen sponges on the ability of a specific cell type to contract these sponges in
vitro. CG matrices with a range of moduli of elasticity were prepared and their
contraction by tendon fibroblasts determined in vitro. Tensile tests were performed
on sponges which had been cross-linked to various degrees using chemical and physical
cross-linking methods. We sought to determine the modulus of elasticity above which
would resist contraction by a particular cell type and cell density. Moreover, we
hypothesize that the tendon cells contracting the CG matrix express the phenotype
of myofibroblasts.
1.3.1 CG Sponges
Type I CG copolymer sponges were manufactured for use in this study. In vitro
cell-mediated contraction has been documented in these particular sponges. The
mechanical properties of the CG sponges was controlled by cross-linking the sponges
dehydrothermally, with glutaraldehyde [52] and ultraviolet light [6, 40]. It was also
concluded that soaking the collagen sponges in 70% ethanol may provide some degree
of cross-linking and protection from shrinkage and degradation, and therefore the
study included one group that was treated in this manner. Type II collagen-GAG
sponges [43] which were shown to resist contraction when seeded with chondrocytes
were also used in this study for comparison with the type I CG sponges.
1.3.2 Cell-Seeding and Measurement of Contraction
Fibroblasts were harvested from calf tendon and seeded onto the type I CG sponges
of various stiffnesses and onto type II collagen sponges. The cell-seeded sponges
remained in culture for 3, 7, 14, and 21 days. The size of the sponges was recorded
prior to seeding and again following their sacrifice from culture in order to quantify
contraction.
Histological analysis of cell infiltration, cell morphology, and pore contraction was
performed using the light microscope. Immunohistochemical staining of the sponges
was done to verify the presence of myofibroblasts.
1.3.3 Mechanical Testing of CG Sponges
Tensile tests were performed on the CG sponges in order to determine the macro-
scopic stress-strain behavior of CG sponges cross-linked by various methods and to
various degrees. Sponges from each cross-link group were strained at a constant rate
until failure. The strain was measured and engineering stress computed.
Chapter 2
Materials and Methods
2.1 Fabrication of Collagen Sponges
2.1.1 Type I Collagen-Glycosaminoglycan
CG Slurry Production. The manufacture of the type I CG sponges followed a
previously published protocol [10]. Dry, microfibrillar type I bovine tendon collagen
was obtained from Integra LifeSciences, Plainsboro, NJ, and stored at 4C. The slurry
was prepared by blending 3.6 g of the collagen with 600 ml 0.05 M acetic acid in a
jacket-cooled blender (Eberbach Waring restaurant model blender, Ann Arbor, MI)
at 4C and approximately 23,000 rpm. Following 90 minutes of blending, 120 ml of
chondroitin-6-sulfate (chondroitin sulfate C, Sigma Chemical, St. Louis, MO) solution
(0.11% w/v) was added to the collagen solution while blending over 15 minutes, using
a peristaltic pump. The collagen-chondroitin-6-sulfate coprecipitate suspension was
blended for another 90 minutes following the addition of the chondroitin sulfate.
The CG slurry was then degassed by applying a vacuum to a 6 liter sidearm flask
containing the slurry for ten minutes. Slurry that was not used immediately was
stored at 4C for no longer than one month. If the slurry was stored for more than
one week, it was re-blended on low speed for 10 minutes and degassed before use.
Lyophilization of CG Slurry. Freeze-dryer trays were divided into three sections,
each 320 mm x 490 mm. Two hundred twenty-five ml of the CG slurry was pipetted
into each section of the freeze-dryer trays with special care taken to avoid formation of
air bubbles. The trays were placed in the freeze-dryer chamber (Virtis Genesis Freeze-
Dryer, model 25LE, Virtis, Inc., Gardiner, NY) the temperature of which had been
lowered to -45'C. The slurry was allowed to freeze for a minimum of one hour before
the vacuum pressure was decreased to 200 mtorr or below, and the temperature of the
chamber raised to OoC. Following 12 hours of sublimation, the chamber temperature
was raised to 20'C. The freeze-dried slurry, now in the form of a porous collagen
sponge, was allowed to dry at 20'C for 90-120 minutes.
2.1.2 Type II Collagen
The type II collagen sponges used in this study were provided by Geistlich Bioma-
terials. The sponges (Chondrocell-A, batch no. 914106, Geistlich Biomaterials, Wol-
husen, Switzerland) were reconstituted from porcine cartilage and packaged sterilely
as 2 cm x 2 cm square sponges which were 5-6 mm thick, and were uncrosslinked.
The sponges were determined to have an average pore diameter of 297 um and a
GAG content of approximately 2.0% [6]. The production protocol for Chondrocell is
proprietary information of Geistlich Biomaterials and has not been published.
2.2 Cross-Linking of Collagen Sponges
2.2.1 Dehydrothermal Cross-Linking
The 2-3 mm thick sponges were removed from the freeze drier trays and placed in
aluminum foil packets. The foil packets were placed in a vacuum oven (Fisher Isotemp
vacuum oven, model 201, Fisher Scientific, Medford, MA) at 105'C and 30 mtorr
for 24 hours for dehydrothermal(DHT) cross-linking. The sponges were stored in a
dessicator at room temperature. All type I CG sponges were DHT cross-linked prior
to any additional chemical or physical cross-linking.
2.2.2 Ultraviolet Light Cross-Linking
Type I and type II collagen sponges were cross-linked under ultraviolet (UV) light
in a sterile vertical flow hood. The sponges were placed 30 cm from an ultraviolet
lamp (Philips Sterilamp #G10T5 1/2 L, 1=253.5 nm) which was rated at 5.3 W total
output, 55.5 W/cm2 at 1 m. Type I sponges were cross-linked for 12 hours, and type
II sponges were cross-linked for 16 hours. In each case, the sponges were turned over
midway through the cross-linking period to expose each side to the same amount of
UV radiation.
2.2.3 Glutaraldehyde Cross-Linking
Type I collagen sponge specimens used for mechanical testing and in vitro experi-
ments were cross-linked to varying degrees with glutaraldehyde (25%, Sigma Chemical
Co, St. Louis, MO). The specimens were first rehydrated in 0.05 M acetic acid for
24 hours at room temperature. They were then soaked in a 0.25% glutaraldehyde
in 0.05 M acetic acid for 30 minutes, 12 hours, or 24 hours. At the end of the
cross-linking time period, the specimens were repeatedly and exhaustively rinsed in
distilled, deionized water to remove any traces of free glutaraldehyde. The sponges
remained in water for 24 hours, and were then stored in phosphate buffered saline
(PBS) at 4C. The solutions for cross-linking and rinsing the sponges for the in vitro
study were sterilized by autoclave (121'C, 15 lb/in2, slow exhaust) for 25 minutes or
sterile filtered through a .2 pm filter (Zapcap-S, Schleicher & Schuell, Keene, NH).
The in vitro specimens were stored at 4C in sterile PBS for no more that 2 days
before use.
2.2.4 Ethanol Treatment
The type II sponges which had been UV cross-linked for 16 hours and type I
sponges which had not undergone any cross-linking other than DHT treatment were
soaked in 70% ethanol for 10 minutes. The sponges were then thoroughly rinsed 3
times with PBS and stored in PBS at 4°C. The different cross-linking and treatment
groups are summarized in Table 2.1.
Group Collagen Type Cross-linking Treatment
DHT I Dehydrothermal (DHT) only
UV I DHT, UV light, 12 hours
12G I DHT, Glutaraldehyde, 0.25%, 12 hours
24G I DHT, Glutaraldehyde, 0.25%, 24 hours
0.5G I DHT, Glutaraldehyde, 0.25%, 30 minutes
ETH I DHT, 70% ETOH 10 minutes
IIE II UV light, 16 hours, 70% ETOH 10 minutes
Table 2.1: Experimental cross-linking groups.
2.3 Mechanical Testing
2.3.1 Specimen Preparation
Type I CG. For each cross-linking or treatment group, three specimens for me-
chanical testing were cut from the dry CG matrix sheets using a scalpel blade. The
specimens were 25 mm x 85 mm, and were taken at least 20 mm away from the
edges of the sheets. Two parallel lines, 15 mm apart, were marked on the matrix as
shown in Figure 2-1 with black fabric paint (Deka permanent fabric paint, Decart,
Inc., Morrisville, VT) and allowed to dry for at least 8 hours before rehydration and
cross-linking began. Specimens from the UV group were cross-linked under UV light
prior to marking.
Type II Chondrocell. The type II sponges used for this study were supplied by
Geistlich Biomaterials as 2 cm x 2 cm squares. The squares were UV cross-linked
as described above. The type II sponges were then cut into 10 mm x 20 mm pieces.
Parallel lines 5 mm apart were marked with the fabric paint (Figure 2-1). The paint
was allowed to dry overnight before the sponges were treated with 70% ethanol and
rinsed in PBS.
paint markings
5 mm
I I 10 mm
25 mm I
_ __ ~20 mmI--
85 mm
Type I Collagen-GAG Type II Chondrocell
Figure 2-1: Mechanical test specimens.
2.3.2 Testing Procedure
A testing bath was designed [29] to allow a materials testing machine to impart
an axial strain on a CG sponge specimen while in 37 0 C phosphate buffered saline.
The acrylic testing bath (Figure 2-2) was clamped onto the base of an Instron mate-
rials tester (model 4201, 2.5 N load cell, Instron, Canton, MA). Phosphate buffered
saline (PBS) was heated to 37 0 C and circulated through the bath (VWR Scientific
Temperature Bath, model 1104, West Chester, PA). Acrylic clamps were designed to
hold the specimen during testing. The clamps were lined with silicone rubber tubing
to cushion the specimen, and were tightened with screws.
One end of the marked and hydrated specimens was aligned in one of the acrylic
clamps so that the markings faced up and the edges of the sponge were parallel with
the edges of the clamp. The clamp was then fixed to one end of the testing bath
using a clamp. The free end of the sponge was then placed into the remaining acrylic
clamp, with care being taken not to strain the sponge during this process. The sponge
remained in the bath for an additional 5 minutes before testing in order to allow it
to reach 37 0 C.
Figure 2-2: Saline bath for mechanical testing. A: Top view of bath. B: Side
view of bath. C: Acrylic clamp.
A high-resolution videocamera (Pulnix Progressive Scan High Resolution Video-
camera, TM1010, Mountain View, CA) was set up over the testing bath so that the
paint lines on the specimen were in focus. The camera image was viewed on a Dell
Optiplex GS personal computer using HLImage + +97. The entire computer screen
image was viewed on a Panasonic Pro Line video monitor, along with a running clock
generated by a Panasonic date/time generator. A calibration image was recorded by
placing a micrometer set to 1 cm at the level of the saline in view of the videocamera.
Once the specimen was in place, the crosshead of the Instron tester was raised
until the line connecting it to the free acrylic clamp was almost fully extended but
without allowing it to strain the specimen. A second computer (Dell Optiplex GS,
Dell Computer Corp., Round Rock, TX) was used with Labview software to record
the load versus time data throughout the test. The date/time generator was triggered
as soon as the strain was applied in order to create a time stamp on the videotape of
the exact beginning of the test.
Specimens were strained at a rate of 1 mm/min until failure. The entire test was
recorded on a Panasonic VCR so that the paint markings were visible on the monitor
throughout the test. Two to four specimens were tested for each sponge treatment
group.
2.3.3 Data Analysis
For each test, images were captured from the recording at 1 minute intervals.
The micrometer calibration image was also caputured. Using HLImage + +97, three
measurements between the paint markings were made for each image. These measure-
ments and the time stamp on the image were recorded and entered into a Microsoft
Excel 97 worksheet. The force value recorded at each of the times at which the images
were taken was determined based on the time stamp on the image and the force/time
data recorded by Labview. The three measurements were averaged and the average
strain for each time point was calculated. Because the measurements of strain were
given in pixels, these values were compared with the number of pixels measured in
the calibration image of a known distance. The engineering stress and strain were
computed for each image.
A stress-strain plot was created for each image. A second-order polynomial re-
gression was performed in order to fit a curve to the data. The derivative of the curve
equation was taken in order to determine an equation for the modulus of elasticity
for each specimen.
2.4 Disk Measurement
2.4.1 Imaging of Disks
For the in vitro study, matrix disks 9 mm in diameter were cut from the sheets of
CG sponges and the squares of Chondrocell using a punch and hammer under sterile
conditions. Following the various cross-linking treatments and immediately prior to
seeding, the disks were measured. An overhead projector (3M, Austin, TX) was
placed in front of a white screen. A sterile plastic petri dish (Falcon) was filled with
sterile cell culture medium and set on the projector so that its image was projected
onto the screen. A videocamera (Sony Handycam 8 mm, model CCD-TRV52, Tokyo,
Japan) was set on a tripod at a fixed distance from the screen. Once the camera
and projector were in place, a dime which had been measured using a micrometer
to determine the diameter was placed on the projector and its projected image was
recorded on videotape to serve as a reference. Each disk to be seeded was then
placed, one at a time, into the PBS filled dish, and its projected image was recorded
on videotape. The recorded images of the disks were captured from the videotape
using an image capture device (AIGotcha!, AITech, Fremont, CA) and stored as color
JPEG images.
2.4.2 MATLAB Analysis of Disk Size
The collagen sponge disks appear in the image as a dark region on a light back-
ground. MATLAB code was written to analyze the JPEG images (Appendix A). As
each image was read into MATLAB, each pixel had three values associated with it
corresponding to the levels of red, blue, and green in the pixel. Using these three
values, the "energy" or "brightness" of the pixel was calculated using the following
equation:
energy = /(red)2 + (blue) 2 + (green) 2
The pixel energy values were normalized so that the darkest pixel in the image
was given a value of 0, and the brightest pixel in the image was given a value of
1. After normalization, pixels with a value between 0 and 0.5 were classified as
"dark", and therefore as being a part of the disk region of the image. Pixels with
a value between 0.5 and 1 were considered "light", and classified as being part of
the background of the image (Figures 3-12 - 3-13). Because air bubbles and other
artifacts floating in the medium also appeared as dark spots on the images, each
image was edited using XPaint (written by David Koblas, Mountain View, CA) to
erase any extraneous "dark" spots and to prevent them from being counted as part
of the sponge area. The algorithm then counts the number of pixels that belong to
the disk region, giving an area of the disk in pixels. The area of the disk in pixels was
then compared to the area in pixels of the dime which had been imaged and analyzed
in the same manner as the disks. This comparison was then used to determine the
disk diameter. Each disk was measured in this manner before seeding and following
its sacrifice from culture. The sponge disks were numbered according to their cross-
linking group and time period, and careful account of each disk was kept so that the
pre- and post-seeding diameters of each disk could be compared.
2.5 Fibroblasts
2.5.1 Harvest and Digestion
The patellar tendon was harvested from the knee of a young calf (Research 87,
Hopkinton, MA) under sterile conditions. The tendon was placed in sterile D-PBS
(Dulbecco's Phosphate Buffered Saline, Life Technologies, Grand Island, NY) with 2%
penicillin/streptomycin (5000 U/5000 pg/ml, Life Technologies) and 1% amphotericin
B (Fungizone, 250 pg/ml, Life Technologies) and stored at 4oC for no more than 4
hours. The ends of the tendon were removed and any non-tendon tissue was dissected
away, leaving only the midsubstance of the tendon. The midsubstance tissue was
then dissected into pieces that were approximately 2 mm x 2 mm. For each gram
of tissue to be digested, a 50 ml centrifuge tube was filled with 30 ml of trypsin-
EDTA (0.05% trypsin, 0.53 mM EDTA, Life Technologies). The tubes were attached
to a shaker (Labquake shaker, Laboratory and Research Instruments, Berkeley, CA)
and agitated at 370C. After one hour of agitation, the tubes were centrifuged at
1500 rpm for 10 minutes, and the supernatant aspirated. The tissue was throroughly
rinsed in PBS, and centrifuged again. The supernatant was removed and 30 ml of a
solution of 0.15% collagenase (Type I, Worthington Biochemical Corp., Freehold, NJ)
in DMEM/F12 (Life Technologies) was added to the tubes. The tubes were again
agitated until digestion was complete, or for a maximum of three hours. The contents
of the tubes were then filtered through a 70 /pm cell strainer (Falcon, Franklin Lake,
NJ). The filtered solution was then centrifuged and aspirated, leaving a pellet of
tenocytes. The pellet was twice rinsed in sterile D-PBS and centrifuged in order to
remove remaining traces of collagenase. The pellet was resuspended in complete cell
culture medium consisting of DMEM/F12, 10% heat inactivated fetal bovine serum
(Hyclone Laboratories, Logan, UT), 1% L-glutamine (200 mM, Life Technologies), 1%
amphotericin B, 2% penicillin/streptomycin, and ascorbic acid (Life Technologies) at
a concentration of 25 pg/ml. The cells were counted with a hemacytometer (Reichert-
Jung, VWR Scientific, Boston, MA) using trypan blue (Life Techologies) stain. The
cells were then seeded into 75 cm 2 cell culture flasks (Falcon, Franklin Lake, NJ) at a
density of approximately 2.5 x 105 cells per flask. Fifteen ml of complete cell culture
medium was added to each flask.
2.5.2 Culture and Passage
The fibroblasts were cultured in a humidified chamber at 370C, and 5% CO 2
(Napco CO 2 Incubator, model 6200, Fisher Scientific, Medford, MA). Culture medium
was changed every 2-3 days, and cells were monitored daily for confluence using
an inverted phase-contrast light microscope (Nikon, Tokyo, Japan). Spent culture
medium was removed from the flasks and replaced with 5 ml of D-PBS. The D-PBS
was then removed and 4 ml of trypsin-EDTA was pipetted onto the cell monolayer.
After 5-8 minutes in a 37°C incubator, the cells were checked for detachment from
the flasks under the inverted microscope, and trypsinized cells were transferred to a
sterile centrifuge tube. An additional 5 ml of complete cell culture medium was used
to rinse any remaining cells from the flask and was added to the centrifuge tube. The
complete medium also served to stop the trypsinization. The tubes were centrifuged
at 1500 rpm for 10 minutes. The supernatant was aspirated and the cells resuspended
in 10-40 ml of cell culture medium, depending on the estimated number of cells in the
pellet. A cell count was performed with a hemacytometer as described above. The
cells were seeded into new flasks at a density of 2.5 x 105 per flask. A portion of the
cells from each passage were cryopreserved by adding 5% DMSO (Sigma Chemical,
St. Louis, MO) to the cell suspension and storing them in cryostorage vials at -70 0 C.
2.6 Cell Seeding
Preparation for cell seeding of CG and type II sponges began with coating the
wells of 12-well culture dishes with a thin layer of sterile 2% agarose (Bio-rad stan-
dard low-mr, Bio-rad, Richmond, CA). For each cross-linking group and time period,
twelve disks were allocated for seeding, and six served as unseeded controls. Of the
seeded disks, 6 were allocated for analysis of DNA content, and the other six were to
be used for contraction measurement, histology, and immunohistochemistry. Disks
were placed into labeled, agarose coated individual wells filled with complete culture
medium prior to measurement as described above. Following the recording of the
disks' projected images, the disks were returned to their culture wells and incubated
at 37°C while the cells were being prepared for seeding.
Fourth passage patellar tendon fibroblasts were used for the in vitro seeding exper-
iment. Cells were trypsinized, centrifuged, and counted as described in section 2.4.2
for passaging. After the cells were counted, the suspension was centrifuged again.
The pellet was resuspended so that the cell density was 2.5 x 105 cells per 50 pl. The
cell culture medium in the culture wells containing the disks was aspirated. Excess
medium was removed from the sponges by placing them on sterile filter paper for 30
seconds. The sponges were then put back in their individual wells. Fifty microliters
of cell suspension was pipetted onto each sponge surface. The seeded sponges were
incubated at 37oC for one hour to allow the cells to begin attaching to the surface of
the sponge. After the initial hour of incubation, the sponges were turned over, and an
additional 50 pl of cell suspension was pipetted onto the unseeded surface, bringing
the total number of cells seeded onto each disk to 5.0 x 10 . Following another hour
of incubation, an additional 3 ml of culture medium was added to each well.
The disks were incubated in an humidified chamber at 370 C and 5% CO2, with
medium changes every 3 days. Specimens were sacrificed from culture at 3, 7, 14,
and 21 days post-seeding.
2.7 Histology and Immunohistochemistry
2.7.1 Fixation
Following sacrifice from culture and measurement of the disk size as described
above, both the seeded disks and unseeded controls were fixed for histology and
immunohistochemistry. Specimens were fixed in 10% neutral buffered formalin (pH
7.4) for 48 hours at 4°C.
2.7.2 Embedding and Sectioning
Paraffin embedding and sectioning. Two of the six seeded specimens and two of the
six control specimens allocated for histology were dehydrated through graded ethanol
(50%, 70%, 80%, 95%, 95%, 100%, 100%, 100%) in an automatic tissue processor
(Tissue-Tek VIP, Miles Laboratory, Mishawaka, IN) to three changes of histoclear
(S/P Brand Americlear clearing solvent, Baxter Scientific, Deerfield, IL) for one hour
in each solution. The specimens were then infiltrated with three changes of molten
paraffin with one hour per change, and then embedded in fresh paraffin. One sponge
was embedded flat, and the other was cut in cross-section and embedded with the
cut surfaces on the face of the block (Figure 2-3).
Seven micron-thin sections were cut with a microtome (Reichert-Jung Supercut
2050, Leica, Inc., Deerfield, IL) and floated in a 46 0C water bath. The sections were
Figure 2-3: Embedding orientation for paraffin and GMA. A: Disk embedded on
its flat surface. B: Disk embedded on its cross-section.
picked up on glass slides and dried overnight at 450C.
Glycolmethacrylate embedding and sectioning. Two seeded and two control spec-
imens were dehydrated through graded ethanol (50%, 70%, 80%, 95%, 95%, 100%,
100%, 100%) and infiltrated with the catalyzed buffer solution A of the GMA em-
bedding kit (JB-4, Polysciences Inc., Warrington, PA). The specimens remained in
the infiltrate for 48 hours at 40 C. The sponges were oriented as described above for
paraffin sectioning, and polymerized in fresh catalyzed solution A and solution B.
Five micron-thin sections were microtomed and floated onto a room temperature
water bath. The sections were collected on glass slides and dried on a warm hot plate
for five minutes.
2.7.3 Staining
Hematoxylin and eosin (H&E) staining was performed on both paraffin and GMA
sections. The cells stained dark blue, and the collagen sponges stained light pink.
For paraffin sections, the slides were twice immersed in xylene for five minutes. The
sections were then serially rehydrated through graded ethanol (100%, 100%, 95%,
80%, 70%, two minutes each), and then dipped in Harris' hematoxylin (Sigma Chem-
ical Co., St. Louis, MO) for 10 minutes. Slides were rinsed in tap water for two
minutes, and then immersed in acid alcohol (1 ml HCI in 100 ml 70% ethanol) for 2
minutes. The slides were rinsed briefly in tap water, and then dipped in ammonia
water (4 drops of ammonium hydroxide in 200 ml distilled water) for two minutes.
Following another two-minute rinse in tap water, the slides were immersed in aqueous
eosin Y solution (100 ml distilled water, 100 ml eosin Y, 1 ml glacial acetic acid) for
45 seconds. Slides were rinsed for two minutes in running tap water before serial
dehydration (70%, 80%, 95%, 100%, 100% ethanol) and two 5-minute immersions in
xylene. After they were completely dried, the slides were mounted (Cytoseal 60, low
viscosity, Stephan Scientifics, Riverdale, NJ) and coverslipped.
GMA sections to be stained with H&E were placed directly into Harris' hema-
toxylin for 90 minutes, and then rinsed for two minutes in tap water. Slides were
dipped in acid alcohol for two minutes, followed by a two minute rinse in tap water,
and then dipped in ammonia water for two minutes. Following a five minute rinse
in tap water, the slides were immersed in eosin Y solution for 5 minutes. The slides
were then rinsed for two minutes and allowed to air dry. Slides were mounted and
coverslipped as described above for paraffin sections.
GMA sections were also stained with aniline blue to highlight the porous structure
of the collagen sponges for image processing. Slides were dipped in 100% ethanol for
two minutes, followed by 70% ethanol for two minutes. The slides were then immersed
in analine blue (5 g analine blue, 200 ml distilled water, 4 ml glacial acetic acid) for 4
minutes. Two consecutive 1% acetic acid solution rinses (1 minute each) cleared excess
aniline blue. The slides were then rinsed in 95% ethanol twice, and in 100% ethanol
twice. After air-drying, the slides were mounted (Cytoseal 60, Stephan Scientifics,
Riverdale, NJ) and coverslipped.
2.7.4 Immunohistochemistry
Immunohistochemical staining for alpha-smooth muscle actin was performed on
7 pm thin sections of formalin-fixed, paraffin-embedded cell-seeded sponges. The
slides were placed in a gently agitated xylene bath for one hour. Following deparaf-
finization, the slides were rehydrated through graded ethanol (100%, 100%, 95%,
80%, 70%) to distilled water for two minutes in each solution. Slides were rinsed
twice in phosphate buffered saline (PBS, cat. #P3813, Sigma Chemical, St. Louis,
MO) for two minutes in each rinse. Slides were dried carefully to remove excess
saline while preventing the sections from drying out. A hydrophobic marker (PAP
pen, Polysciences Inc., Warrington, PA) was used to circle the sections to be stained.
Two drops of a solution of 0.1% trypsin (cat. #T7409, Sigma Chemical) in PBS
were placed on the sections and incubated in a humidified chamber at room temper-
ature for one hour. Slides were rinsed twice in PBS (2 minutes per rinse) and dried
as described above. Sections were next quenched with 3% hydrogen peroxide (cat.
#H1009, Sigma Chemical) for five minutes, and rinsed in PBS. A solution of 20% goat
serum (cat.#G9023, Sigma Chemical) was added to the sections and incubated for
thirty minutes. Excess goat serum was then removed from the sections, and two-hour
incubation with the primary antibody (mouse monoclonal anti-alpha-smooth muscle
actin, 1:400 dilution, cat. #A2547, Sigma Chemical), or with the negative control
(1% mouse serum, 1:800 dilution, cat. #M5905, Sigma Chemical) began. Slides were
again rinsed, with care being taken not to contaminate negative control sections with
the primary antibody. The secondary antibody (Goat Anti-Mouse IgG, cat. #B7151,
Sigma Chemical) was diluted to 1:200 in PBS, and added to the sections for one hour.
Following two rinses in PBS, a 1:50 dilution of ExtrAvidin peroxidase (cat. #E2886,
Sigma Chemical) was placed on the sections for 20 minutes. Slides were then rinsed
in distilled water, and incubated with AEC chromagen solution (AEC staining kit,
cat. #AEC-101, Sigma Chemical), for 10-12 minutes and rinsed again in distilled wa-
ter. Mayers hematoxylin (cat. #MHS-16, Sigma Chemical) was used to counterstain
the sections for twenty minutes, followed by a 20 minute rinse in running tap water.
Slides were air-dried, mounted with glycerol gelatin (cat. #GG-1, Sigma Chemical),
and coverslipped.
2.7.5 Light Microscopic Analysis
The light microscope (Olympus Vanox AH-2, Olympus America Inc., Lake Suc-
cess, NY) was used with H&E stained sections to analyze the morphology and density
of cells in the sponges. The cells' morphology at the edge and center of the disk (Fig-
ure 2-4) was described qualitatively as spheroid (round), ovoid (egg- or oval-shaped),
or fusiform (elongated or spindle shaped) based on the shape of the nucleus and es-
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Figure 2-4: Disk regions defined for histological analysis of cell morphology and
mean pore diameter.
timating the cell boundaries. Cell morphology in the center and edge regions of the
disk were noted. A grid eypiece was used to measure the depth of cell infiltration into
the disks in H&E stained cross-sections.
Immunohistochemical staining for alpha-smooth muscle actin was evaluated using
the light microscope. The grid eypiece was used to count the percentage of postively
stained cells in the two regions of the disk. Five random areas of each region were
viewed through the eyepiece, and the postively stained and unstained cells within the
grid were counted. This process was repeated on four sections from two specimens
for each group analyzed.
The change in pore size of both seeded and control sponges with time was also
evaluated qualitatively using the light microscope. The grid eyepiece described above
was used to estimate the pore diameters in the edge and center regions for sponges
from each treatment group and time period.
2.8 DNA Assay
Six sponges from each treatment group at all time periods were allocated for
analysis of DNA content. At sacrifice, sponges were rinsed with PBS and stored
at -70'C. The sponges were digested in 1 ml of 0.5% papain/buffer solution in a
65°C water bath. A 200 pl aliquot of the digest was combined with 40 11L of Hoechst
dye no. 33258 (Polysciences, Inc, Warrenton, PA), and evaluated fluorometrically
(Hoefer Scientific Instruments DNA Fluorometer). The results were extrapolated
from a standard curve using calf thymus DNA. For one run of the DNA assay, a
standard curve based on a sample of tendon cells from the same source as those
seeded was used to estimate the cell number from the DNA measurement.
2.9 Statistical Analysis
Results are given as means and standard error of the mean (s.e.m.) unless other-
wise noted. For stress-strain data, second-order polynomial regression was performed
to determine the stress-strain relation. Linear regression analysis was performed
to determine the relationship between cell-mediated sponge contraction and sponge
modulus of elasticity. ANOVA and student's t-tests were performed to determine
significance between groups. Statistical analysis was performed with Microsoft Excel
97 (Microsoft Corp., Redmond, WA) or Statview (SAS Institute, San Fransisco, CA).
Chapter 3
Results
3.1 CG Sponge Synthesis and Preparation
3.1.1 CG Sponge Synthesis
CG sponges were produced in 2-3 mm thick rectangular sheets. On occasion,
the sheets had areas which were much thicker (4-5 mm) or much thinner (1 mm or
less) than the rest of the sponge. These areas were not used for mechanical testing or
seeding. Qualitative analysis of pore diameters in the sponges revealed pore diameters
ranging from 20 pm to 400 pm, with an average of 120 pm. Pores were randomly
oriented throughout the sponges. CG sponges with similar pore characteristics were
used previously for dermal regeneration studies [25].
3.1.2 Preparation of Sponges for Seeding and Mechanical
Testing
Both the disks used for the cell-seeding experiment and the specimens used for
the mechanical testing were cut from the sheets of sponges. The mechanical test
specimens were cut with a scalpel blade, and no gross distortion or compression of
pores by the blade was found. The sponges to be seeded, however, were cut from
the sheets using a metal punch and hammer. Although the punch was resharpened
several times throughout the cutting process, the edges of the disk often appeared to
be compressed by the punch. The process of rehydration appeared grossly to have
restored the normal pore structure at the edges.
Type I CG sponges which were cross-linked with glutaraldehyde for 12 and 24
hours were noticeably stiffer following cross-linking. They also appeared slightly
yellow in color when compared to the bright white color of the other groups. The
type II collagen sponges became swollen to 1.5 times their original diameter when
rehydrated with ethanol and rinsed with saline.
The type II sponges appeared to be structured in a laminar fashion. If not handled
very carefully, layers of the sponge could be separated from the rest of the sponge.
Slight swelling in the type I CG sponges was apparent only in the glutaraldehyde-
treated sponges.
Specimens for mechanical testing were marked with fabric paint to define a gauge
length for strain measurements. The paint remained largely intact throughout the
various treatments and the tensile tests.
3.2 Mechanical Testing
3.2.1 Type I CG Sponges
Two to four specimens were tested for each type I CG cross-linking group (Table
2.1). At a strain rate of 1 mm/min, tests generally took between 20 and 30 minutes
to reach failure. Failure occurred at points in the specimens that were at least 15
mm from the clamped end, with approximately half of the failures occurring within
the gauge length, and the other half occuring just outside the gauge length. For each
mechanical test of a type I CG sponge, the engineering stress was plotted as a function
of the strain. A second order polynomial regression was performed to determine the
relationship among the data points. The equation of the curve and the coefficient of
determination for each curve are shown on the chart corresponding to the specimen's
cross-linking group (Figure 3-1 - Figure 3-6). The p-value for all curves was less
than 0.001. Figure 3-7 compares representative stress-strain curves for each of the
treatment groups.
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The slope of the stress-strain curve is representative of the "apparent modulus of
elasticity" of the porous material, reflecting the deformation of the solid substance
and the voids. For the purposes of this thesis, this parameter will be referred to as
the modulus of elasticity. The equation to determine the modulus of elasticity of the
type I CG sponges was determined by taking the first derivative of the second-order
polynomial equation of the curve fit to the data points. The modulus values were
then calculated at 5, 10, and 15% strain. Moduli for the various groups are compared
in Figure 3-8, and summarized in Table 3.1. As expected, the modulus increased
with increasing treatment time in glutaraldehyde, and the DHT group had the lowest
modulus of all groups. The ethanol, 0.5G, and 12G groups all had similar moduli,
while the UV and 24G sponges had the highest moduli of elasticity.
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Figure 3-2: Stress-strain behavior of ethanol-treated dehydrothermally cross-
linked type I CG sponges.
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Figure 3-4: Stress-strain behavior of type I CG sponges cross-linked in glutaralde-
hyde for 30 minutes.
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Figure 3-5: Stress-strain behavior of type I CG sponges cross-linked in glutaralde-
hyde for 12 hours.
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Figure 3-6: Stress-strain behavior of type I CG sponges cross-linked in glutaralde-
hyde for 24 hours.
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Figure 3-7: Representative curves of stress-strain behavior of type I CG sponges.
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Figure 3-8: Modulus of elasticity of type I CG sponges at various strains. The
moduli were derived from the equations for the stress-strain curves.
P-values determined by one-way ANOVA (mean ± s.e.m.).
Group In 5% Strain 10% Strain 15% Strain
DHT 4 10±1 23± 1 36±t 2
ETH 2 46 ± 5 88 ± 10 130 ± 16
UV 2 98 ± 16 142 ± 31 185 ± 47
0.5G 2 30 ± 3 78 ± 3 126 ± 10
12G 2 47 ± 17 89 ± 28 131 ± 40
24G 3 68 ± 3 140 ± 12 213 ± 25
Table 3.1: Moduli of elasticity of cross-linking groups (mean plus s.e.m.) at
different strains.
3.2.2 Type II Collagen Sponges
The type II collagen sponges were tested in the same manner as the type I sponges.
The dimensions of the type II collagen test specimens were restricted, however, by the
size of the sponges received from Geistlich Biomaterials. All of the type II specimens
failed at very low stresses, and all failed at one of the clamped ends of the specimens.
The resulting stress-strain relation appeared to be the result of the limitations of the
equipment and the specimens rather than a true representation of the stress-strain
behavior of the type II collagen sponges. Therefore, these data are not included in
the results.
3.3 Fibroblasts
The patellar tendon digestion used to dissociate the tenocytes from their tissue
resulted in a harvest of approximately 1.3 million cells per gram of patellar tendon
tissue. The mass of the tissue was measured before the non-midsubstance tissue was
dissected away.
Cells were passaged when confluence was reached. A typical culture flask yielded
between 5 and 7 million cells at passage. Cells proliferated more rapidly with each
passage.
3.4 Cell Seeding
3.4.1 Efficiency of Cell Seeding
Suspension of the cells in a small amount of culture medium (2.5 x 105 cells per
50 pl) allowed the full amount to the suspension to be pipetted onto the surface of the
sponge. The "drying" step of removing excess medium from the sponges also allowed
the cell suspension to more easily infiltrate the sponges. In some instances, however,
a portion of the cell suspension spilled off of the sponges and onto the agarose coated
wells. The swollen type II sponges appeared to absorb the suspension better than the
type I sponges.
Following the first post-seeding medium change, the cells remaining in the medium
(and therefore not attached to the sponges) were counted. From these counts, it was
determined that approximately 97% of cells were incorporated into the matrix or else
attached to the upper walls of the culture wells, which were not coated with agarose.
Cells did not attach to the agarose coating.
3.4.2 Infiltration of Cells into the Sponges
Infiltration behavior of cells into sponges was similar for sponges of all treatment
groups. At 3 days post-seeding, H&E stained sections of seeded sponges showed that
cells were primarily attached to the periphery of the sponges and the edge regions
(Figure 2-4) of the sponges. Few cells were visible in the center portions of all sponge
groups. By the 7th day in culture, H&E stained cross-sections revealed that the
fibroblasts had migrated midway through the depth of the sponges (approximately
1.0 mm - 1.5 mm). Because cells had been seeded onto both flat surfaces of the
sponges, it was assumed that the cells were migrating from both sides of the disk.
Therefore, the greatest extent of migration was assumed to be one-half of the disk
thickness, although it is possible that cells migrated from one surface to the opposite
surface. At seven days after seeding, there were more cells at the edges of the disk,
but the center was still sparsely populated.
Dense layers of cells were attached along the edges of the type I CG sponges by 14
days post-seeding. The DHT and ETH sponges in particular were surrounded with
what appeared to be a multi-layered cell capsule, while the cell layers at the edges
of the type II, UV and glutaraldehyde-treated sponges were not as thick and did not
completely surround the sponges. Fibroblasts were attached to all sponges in the
center of the disks (Figure 3-10), but in the DHT, and UV groups, the majority of
cells in the disk were seen in the edge regions. Cells were more evenly distributed
throughout the type II and glutaraldehyde-treated sponge groups. By the 21st day
in culture, both the edge and center regions of sponges from all treatment groups had
become densely populated with fibroblasts.
The DNA content of the sponges, reflecting the cell number, at each time period
for each treatment group was quantified by DNA assay. The results of the assay
are shown in Figure 3-9, and the DNA content is expressed as ng DNA per 100 pl
of the papain digest. In the type II, UV, and glutaraldehyde cross-linked groups,
the amount of DNA, and thus, the number of cells, increased from day 14 to day 21,
while the DNA content decreased over the same time period for the ethanol and DHT
group sponges. The differences in DNA content among all groups were statistically
significant at 14 and 21 days with the exception of the UV group and 12G group at
14 days. DNA content was highest in type II sponges and lowest in DHT sponges.
The DNA content in 12G and 24G sponges was similar, however, the DNA content
in the 0.5G sponges was significantly greater than all CG sponge groups.
Figure 3-9:
14 Day 21 Day
DNA content of collagen sponges at 14 and 21 days. DNA content is
expressed as ng of DNA per 100 pl papain digest. Unless otherwise
noted, n=6.
3.4.3 Cell Morphology
By the end of the first week in culture, cells at the periphery of all sponges were
elongated along the edges of the sponges. For DHT, ethanol treated, UV irradiated,
and 30-minute glutaraldehyde cross-linked groups, cells densely populated the edge
region of the disks at 14 and 21 days post-seeding. These cells were primarily fusiform
or ovoid, with the fusiform morphology more prevalent in the edge region. The cells
in the center region of these disks were also both fusiform and ovoid, with a slightly
higher percentage of ovoid cells (Figure 3-10). Very few spheroid cells were seen in
either region of these disks.
Fibroblasts in the 12-hour and 24-hour glutaraldehyde cross-linked sponges were
primarily fusiform in both the edge and center regions after 14 days in culture (Fig-
ure 3-11). Prior to 14 days, the center regions of the sponges were sparsely populated
with primarily ovoid cells, and the edges were populated by a few layers of elongated
cells.
Cell morphology in type II collagen sponges was similar to the morphology in
the DHT and ethanol groups, with a slightly higher percentage of cells at early time
periods which were spheroid in shape.
Figure 3-10: Light micrograph of typical cell distribution and morphology in CG
sponges at (A) the edge and (B) center of the sponge. H&E stained
section of an ethanol-treated fibroblast-seeded CG sponge at 14
days post-seeding.
Figure 3-11: Light micrograph of cell distribution and morphology in a CG sponge
at (A) the edge and (B) center of the sponge. H&E stained sec-
tion of a 24-hour glutaraldehyde cross-linked fibroblast-seeded CG
sponge at 21 days post-seeding.
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3.5 Cell-Mediated Contraction of Sponges
3.5.1 Observations
Cell-seeded sponges from the dehydrothermal (DHT) group and ethanol-treated
(ETH) group had undergone visible contraction by the third day in culture. Ul-
traviolet irradiated (UV) sponges had contracted visibly by 7 days in culture, and
contraction was evident in 30-minute glutaraldehyde (0.5G) cross-linked sponges by
the 14th day in culture. Sponges which had been cross-linked for 12 and 24 hours in
glutaraldehyde (12G and 24G, respectively) had not visibly contracted after 21 days.
A previous study [37] of cell-seeded type I CG sponges had noted a curling up of the
edges of the sponge. Sponges from all groups in this experiment, however, appeared
to contract uniformly and no curling up of the edges was noted.
Type II collagen sponges appeared smaller after three days in culture. However,
after calculating the disk diameter, it was clear that the apparent decrease in size was
actually the abatement of the swelling of the disks. The original measurement of the
disk was made while the disk was still swollen, so it appears that the disks contracted
to 70-75% of their original diameter after three days. The actual mean disk diameter
after three days was 9.2 ± 0.4 mm for seeded type II sponges, and 9.2 ± 0.5 mm for
unseeded control sponges, which was near the original size of the disks (9 mm) cut
from the Chondrocell sponges. Type II sponges also became very fragile in culture
and were difficult to handle. The smaller number of samples (n) at some time points
is a result of type II sponges falling apart before they could be measured.
3.5.2 Imaging of Sponge Contraction
Contraction of sponge disks was measured as described in section 2.5. Examples
of a sponge image as recorded prior to seeding, the processed image file showing
the disk areas calculated prior to seeding, the same sponge as recorded at sacrifice,
and the processed image for that sponge are shown in Figure 3-12. The white area
of the processed file was considered the disk area, and the number of white pixels
was counted. The white pixel area (A) was then compared to a similar pixel area
calculated for a dime (U. S. currency, $0.10, 17.84 mm diameter) in order to estimate
the size of the disk diameter (d) using the equation:
d= 4A
An example of a disk which underwent minimal contraction is shown in Figure 3-13.
Figure 3-12: Sponge contraction images. A: JPEG image of dehydrothermal
(DHT) treated sponge prior to seeding. B: Processed image of
DHT treated sponge prior to seeding. The black area is considered
background, and the white area is counted as the disk area. C:
JPEG image of DHT treated sponge at 21 days post-seeding. D:
Processed image of DHT treated sponge at 21 days post-seeding.
Sponge has been contracted to 38% of its original diameter.
Figure 3-13: Sponge contraction images. A: JPEG image of 24 hour glutaralde-
hyde (24G) treated sponge prior to seeding. B: Processed image of
24G treated sponge prior to seeding. The black area is considered
background, and the white area is counted as the disk area. C:
JPEG image of 24G treated sponge at 14 days post-seeding. D:
Processed image of 24G treated sponge at 14 days post-seeding.
Sponge has been contracted to 97% of its original diameter.
3.5.3 Measurement of Contraction of Sponges
The change in seeded and control sponge diameters of each treatment group over
time is shown in Figures 3-14 - 3-20. Unless otherwise noted, n=6. The contraction of
seeded sponges from all groups are compared in Figure 3-21. The contraction curves
of unseeded control sponges from all groups is compared in Figure 3-22.
Reduction in diameter of unseeded control sponges from the DHT and ETH group
was evident at 3 days. This shrinkage of the control sponges in these groups was
almost equal to the contraction of the seeded sponges for seven days. After that time,
the shrinkage in the control groups leveled off while the seeded sponges continued to
contract. Unseeded controls in the UV group contracted slightly by 14 days, while
the glutaraldehyde-treated controls did not contract significantly throughout the 21
day course of the experiment.
Tenocyte-seeded DHT sponges contracted to 37 ± 1% of their original diameter,
and ethanol treated sponges contracted to 40 ± 2% of their original diameter after
21 days. UV cross-linked sponges were contracted to 80 + 3% at 21 days.
Contraction in glutaraldehyde-treated sponges varied with the length of cross-
linking time. Following 21 days in culture, seeded sponges cross-linked for 30 minutes
were contracted to 72 ± 3% of their original diameter, while the average diameters
of the 12-hour and 24-hour cross-linked sponges fell to 97 ± 1% and 98 ± 1% of their
original values, respectively.
As described above, the apparent contraction of type II collagen sponges at three
days was explained by the subsidence of swelling in the sponges. After three days,
seeded and control sponge diameters remained at approximately 91% to 98% of the
original diameter before rehydration.
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Figure 3-14: Shrinkage of dehydrothermal (DHT) cross-linked sponges at 3, 7,
14, and 21 days post-seeding (mean ± s.e.m.). Differences in con-
traction between seeded and control sponges at 7, 14, and 21 days
were significant (p <K 0.001).
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Figure 3-15: Shrinkage of ethanol treated (ETH) sponges at 3, 7, 14, and 21 days
post-seeding (mean + s.e.m.). Differences in contraction between
seeded and control sponges were significant for all time periods (p
< 0.05).
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Figure 3-16: Shrinkage of ultraviolet light (UV) cross-linked sponges at 3, 7, 14,
and 21 days post-seeding (mean + s.e.m.). Differences in contrac-
tion between seeded and control sponges were significant for all
time periods (p < 0.05).
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Figure 3-17:
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Shrinkage of 30-minute glutaraldehyde (0.5G) cross-linked sponges
at 3, 7, 14, and 21 days post-seeding (mean + s.e.m.). Differences
in contraction between seeded and control sponges were significant
for all time periods (p< 0.05).
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Figure 3-18: Shrinkage of 12-hour glutaraldehyde (12G) cross-linked sponges at
3, 7, 14, and 21 days post-seeding (mean ± s.e.m.). Differences
between seeded and control sponges were significant at 21 days (p
< 0.05).
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Figure 3-19:
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Shrinkage of 24-hour glutaraldehyde (24G) cross-linked sponges at
3, 7, 14, and 21 days post-seeding (mean + s.e.m.) Differences
between seeded and control sponges were significant at 21 days (p
< 0.05).
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Figure 3-20: Shrinkage of type II collagen (lIE) sponges at 3, 7, 14, and 21 days
post-seeding (mean ± s.e.m.). Differences in contraction between
seeded and control sponges were only significant (p < 0.05) at 3
and 14 days. Note that shrinkage in the control sponges is greater
than in the seeded sponges at these time periods.
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Figure 3-21: Shrinkage of fibroblast-seeded sponges at 3, 7, 14, and 21 days
post-seeding.
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Figure 3-22: Shrinkage of unseeded (control) sponges at 3, 7, 14, and 21 days
post-seeding.
3.5.4 Changes in Pore Size
Light microscopy was used to investigate the change in size of the pores of both the
seeded and unseeded collagen sponges. The range of pore diameters and average pore
diameter of DHT and ETH sponges appeared qualitatively to have decreased slightly.
Pores of type II collagen, UV and glutaraldehyde cross-linked sponges underwent no
apparent shrinkage.
A photomicrograph of an ethanol treated sponge prior to seeding shows the open
pore structure of the sponge throughout the disk (Figure 3-23 A). After three days in
culture, few changes in the sponge pores are visible (Figure 3-23 B). By the seventh
day in culture, the pores have become visibly contracted at the edges of the disk
(Figure 3-24 A), and at 14 days, clear differences can be seen between the pore size
at the edge and center of the sponge (Figure 3-24 B). Pores at the edge and center
of the sponge at 21 days have been highly contracted (Figure 3-25 A).
In all sponges in which significant contraction occurred, the pores at the edges of
the sponge became contracted before pores in the center of the sponges. When only
slight contraction was noted, a visible change in the pores was not seen at either the
edges or the center of the disk (Figure 3-25 B).
3.5.5 Cell-Mediated Contraction
Cell-mediated contraction was computed as the difference in contraction between
the seeded and control sponges for each time period (Figure 3-26). The cell-mediated
contraction was then divided by the mean DNA content of the sponges. Figure 3-27
compares the cell-mediated contraction which has been normalized by DNA content
for each treatment group at 14 and 21 days. Although overall contraction of seeded
DHT group sponges and seeded ETH group sponges are similar at 21 days (approx-
imately 37% and 40% of original diameter, respectively), when the cell-mediated
contraction at 21 days for these groups is calculated, a large difference is noted. Also
worth noting is that the contraction in the glutaraldehyde-treated groups (albeit
small) is entirely cell-mediated. The unseeded sponges undergo no significant shrink-
age, so the contraction seen in the fibroblast populated sponges is caused entirely
by the cells. The cell-mediated contraction in the type II sponges is represented as
"negative" contraction because the shrinkage in the control specimens at some time
periods was greater than that of the seeded specimens.
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Figure 3-23: Light micrograph of analine blue stained section of ETH sponge
showing sponge pores (A) prior to seeding and (B) at 3 days post-
seeding.
~f~""
aN
&r
p .
p r"ihow
c fe
tAx
Figure 3-24: Light micrograph of analine blue stained section of ETH sponge
showing sponge pores (A) at 7 days post-seeding and (B) at 14
days post-seeding.
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Figure 3-25: Light micrograph of analine blue stained section of (A) ETH sponge
and (B) 24G sponge showing pore structure at 21 days post-seeding.
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Figure 3-26: Cell-mediated contraction (percent difference in contraction of con-
trol and seeded sponges) at 14 and 21 days.
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Figure 3-27: Cell-mediated contraction (percent difference in contraction of con-
trol and seeded sponges) per ng DNA in collagen sponges at 14 and
21 days. Contraction was divided by the mean DNA content with-
out taking the deviation of the DNA content into account.
3.6 Effect of Apparent Modulus of Elasticity on
Cell-Mediated Contraction
The mean cell-mediated contraction of the type I CG sponges from each treatment
group at 21 days post-seeding was plotted versus the mean modulus of elasticity of
the treatment groups at 10% strain (Figure 3-28) and 15% strain (Figure 3-29). A
linear regression was performed to determine a relation between modulus of elasticity
and cell-mediated contraction.
The linear regression for each resulted in a line with a negative slope, and the R 2
values for the regression at 10% and 15% strain were 0.64 and 0.72, respectively. The
p-values for the regression were 0.032 for 15% strain and 0.055 for 10% strain.
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Figure 3-28: Cell-mediated contraction at 21 days as a function of modulus of
elasticity at 10% strain.
3.7 Presence of Myofibroblasts
The presence of myofibroblasts was determined by immunohistochemical staining
for alpha-smooth muscle actin. Figure 3-30 shows an example of positive staining for
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Figure 3-29: Cell-mediated contraction at 21 days as a function of modulus of
elasticity at 15% strain.
this actin isoform (A) and a negative control (B). Myofibroblasts were found in all
treatment groups at all time periods. The mean percentage of positively stained cells
in the edge and center regions of some sponge groups was determined by counting
cells from five random areas of four histological sections of two specimens from the
same group. Mean percentages for the groups analyzed are shown in Table 3.2. In
sponges which were contracted to a large degree, the percentage of positively stained
cells appeared to peak at 14 days, and then drop slightly at 21 days.
Photomicrographs showing the positive staining in various sponge types are pre-
sented in Figures 3-31 - 3-32.
3 days 7 days 14 days 21 days
Group Edge Center Edge Center Edge Center Edge Center
DHT 90% 85% 93% 91% 97% 90% 91% 90%
ETH 92% 90% 97% 90% 99% 96% 94% 95%
24G 94% 95% 97% 94% 98% 99% 97% 99%
Table 3.2: Mean percentage of cells stained positive for a-smooth muscle actin.
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Figure 3-30: Light micrograph of immunohistochemical stain for ca-smooth mus-
cle actin (A) positive stain, and (B) negative control. Edge of DHT
sponge at 21 days.
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Figure 3-31: Light micrograph of immunohistochemical stain for a-smooth mus-
cle actin in the center of a DHT sponge at 14 days (A) High-
magnification and (B) lower magnification.
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Figure 3-32: Light micrograph of immunohistochemical stain for o-smooth mus-
cle actin in (A) 24-hour glutaraldehyde cross-linked sponge and (B)
type II collagen sponge at 21 days.
Chapter 4
Discussion and Conclusions
The goal of this thesis was to determine the effect of the apparent modulus of elas-
ticity of a CG sponge on the ability of seeded tendon cells to contract it. Contraction
of sponges to be used as regeneration scaffolds is problematic in that the pores of
sponges may be contracted such that cells can no longer migrate within them. In
addition, contraction can affect the shape and size of the sponge, making it difficult
or impossible to implant in a wound site, or causing it to separate from the host
tissue before ingrowth can occur. By determining the effect of sponge stiffness on
cell-mediated contraction of sponges, the minimum stiffness necessary to resist cell
contraction for a particular cell type and density was determined. The use of differ-
ent cross-linking methods also provided a comparison between physical and chemical
cross-linking methods, and a basis for determining how physical cross-linking may be
used instead of cross-linking with potentially cytotoxic chemicals.
One important finding of this thesis is that tendon cells in vitro are capable of
contracting collagen sponges. Immunohistochemical staining showed that the cell-
mediated contraction is associated with the a-smooth muscle actin phenotype of
tendon cells in vitro. Strain imparted by cells in the sponges was nonuniform, with
contraction occuring at the edges of the sponges first. This contraction was apparently
due primarily to a cell continuous layer on the surface of the sponge. Histology of the
sponges suggested that the cells within the pores of the sponges may also be exerting
a force on the matrix.
It was determined that the cell-mediated contraction of CG sponges decreased
with increasing apparent modulus of elasticity of the sponges.
Analysis of the sponge contraction among the various cross-linking groups showed
that cell-mediated contraction is a function of the sponge modulus of elasticity, the
cell type, including the a-smooth muscle actin phenotype, and the density and dis-
tribution of cells in the sponge.
4.1 Collagen Sponges
4.1.1 CG Sponges
The collagen-glycosaminoglycan (CG) sponges used for this research have been
used succesfully in dermal [58] and peripheral nerve [9] wounds as scaffolds for re-
generation. The CG sponges have primarily been implanted without the addition
of exogenous cells. However, in avascular or poorly vascularized tissues which are
sparsely populated with cells, the CG sponges alone may not be able to induce re-
generation. As a result, investigators have researched the behavior of cells including
chondrocytes [6], meniscus cells [40], and tendon fibroblasts [36] which had been
seeded onto CG sponges. The goal of these studies was to determine if the CG
sponges could successfully be seeded with cells for transplantation to a wound site.
The porous architecture of the CG sponges encourages migration of cells from host
tissue into which they are implanted, suggesting that seeded cells might also migrate
easily into the porous sponges. Preliminary studies have shown that certain cell types
will migrate into, attach to, and proliferate within the CG sponges [36, 40, 43]. These
same studies have also noted that the CG sponges are contracted by exogenous cells,
causing a reduction in the overall dimensions of the sponges, and in some cases, a
curling up of the sponge edges. In addition, other researchers have noted the effect of
cross-linking on the mechanical properties of CG sponges [12, 60]. Each of these fac-
tors contributed to the decision to use the CG sponges in this study of cell-mediated
contraction of collagen sponges. While this thesis addressed the contraction of CG
sponges by cells in vitro, the knowledge gained may shed light on the contraction of
unseeded implants by endogenous cells that infiltrate these sponges in vivo.
4.1.2 CG Sponge Synthesis
Synthesis of CG sponges resulted in 2-3 mm thick sheets of type I collagen-GAG
sponges with randomly oriented pores. The pore diameter range was large (20 um
- 400 pm), with the average pore diameter being around 120 pm. This average
pore diameter and range agreed closely with values obtained by other researchers
synthesizing the same sponges. Areas which were noticeably thicker or thinner than
the rest of the sponge were found in some of the sponges. The reason for the differences
in these areas is unknown, and these areas were not used for either cell-seeding or
mechanical testing.
Disks of CG sponge were cut from the sheets of sponges using a punch and ham-
mer. At times, the cutting process seemed to compress the edges of the sponges. This
compression appeared to be relieved by the rehydration of the sponges, and histo-
logical sections of the sponges showed no pore compression at the sponge periphery.
The cutting process was difficult, however, requiring frequent re-sharpening of the
punch. This re-sharpening of the punch was time consuming and difficult, and the
extra handling of the instruments and sponges increases the chances of introducing
infection.
An improved method for producing the sponges for seeding might involve the use
of disk-shaped molds for freeze-drying so that the entire punching procedure can be
eliminated.
4.1.3 Cross-linking of CG Sponges
Cross-linking of CG sponges was accomplished with both physical and chemical
methods. Dehydrothermal (DHT) treatment is a physical cross-linking method which
has been shown to increase the mechanical strength of biopolymers [57] and to prevent
rapid degradation of these materials. All sponges were first DHT cross-linked for 24
hours following the normal laboratory protocol for CG sponge synthesis. CG sponges
are generally not used without at least having been DHT cross-linked because they
will rapidly degrade if they are not cross-linked. One group which was DHT cross-
linked only was included in these experiments.
In earlier studies in which CG sponges were seeded with cells, sponges were soaked
in 70% ethanol and rinsed with saline prior to seeding. The ethanol treatment was
intended to sterilize the sponge for seeding. Differences in contraction of sponges
which had been rinsed in ethanol and those which had only been rehydrated with
saline [40] caused us to speculate that ethanol treatment was responsible for some
degree of chemical cross-linking which caused the sponges to resist contraction. An
ethanol treated group was included in this study in order to test this hypothesis. We
found that ethanol treatment reduced cell-mediated contraction by approximately
50%.
Chemical cross-linking with glutaraldehyde had been described as a method for
controlling degradation of the CG sponges [52, 60], and was also shown to affect
the mechanical properties of CG sponges [12]. Glutaraldehyde, which is cytotoxic,
is a problematic cross-linking agent for resorbable biomaterials, because the bound
glutaraldehyde is released as the material degrades. For this study, however, glu-
taraldehyde was used to cross-link CG sponges because the degree of glutaraldehyde
cross-linking and therefore, the mechanical properties of the sponges, can be easily
controlled by varying the amount of time the sponges are exposed to the glutaralde-
hyde. CG sponges were cross-linked with glutaraldehyde for 30 minutes, 12 hours,
and 24 hours in order to create sponges with varied stiffnesses. While the number
of cells in the CG sponges treated with glutaraldehyde for 12 and 24 hours was less
than the number in the specimens treated for 30 minutes, the results could not be
attributed to a toxic effect of the aldehyde. Histology did not reveal noticeable cell
death.
Exposure to ultraviolet irradiation (UV) is another physical cross-linking method
which has been shown to alter the mechanical properties and degradation rate of
collagen biomaterials [57], and UV cross-linking has been used in studies of cell-seeded
CG sponges [6, 40]. Physical methods of cross-linking such as DHT and UV avoid the
problem of cytotoxic chemical cross-linking and are generally used as alternatives to
chemical cross-linking. The degree of cross-linking of by UV irradiation is difficult to
quantify because of factors which can vary, such as lamp intensity, specimen distance
from the lamp, and thickness of the specimen. One group of UV irradiated sponges
was included in this thesis. The protocol described by Nehrer, et al. [43] for UV
cross-linking was used.
4.1.4 Type II Collagen Sponges
The type II collagen sponges were included in this study because they had been
shown to resist contraction by chondrocytes in vitro [6, 43]. The type II sponges
are noticeably stiffer than type I CG sponges when they are dry, and it was thought
that this difference in stiffness may have been responsible for the difference in sponge
contractability. The protocol for UV cross-linking and ethanol treatment of the type
II sponges followed that of the studies in which no contraction of the type II sponges
was seen.
4.2 Mechanical Testing
Tensile testing was performed on the collagen sponges to determine their moduli
of elasticity. This testing was not meant to simulate or describe the contractile forces
exerted by the cells on the sponges in vitro. Instead, the goal of the mechanical testing
was to determine the stress-strain behavior of collagen sponges which were cross-
linked to different degrees. A representative mechanical property of that behavior,
the modulus of elasticity, would then be compared with the contraction of cell-seeded
collagen sponges to determine if there was a relationship between the cell-mediated
contraction and the modulus of elasticity of the sponges.
4.2.1 Testing Procedure
For each cross-linking group, at least two specimens were tested. The experimental
design had called for at least three specimens to be tested for each group. However,
on two occasions, a problem with the computer caused the force-time data to be lost,
leaving the groups (12G and ETH) with data from only two tests. One of the tests for
a UV cross-linked specimen was excluded from the study. The stress-strain curve for
that specimen differed from the other UV cross-linked sponge. Review of the force-
time data revealed that an error occurred as the data were being read or recorded,
causing the force data to be artificially high. A 0.5G group specimen was damaged
while being placed in the testing bath clamps and therefore not tested. Replacement
specimens for the 12G and 0.5G groups were cross-linked at a later time and tested.
The stress-strain curve for the 0.5G group was drastically different from those of the
other two 0.5G specimens, which were very similar to each other. The third specimen
failed at approximately 12% strain and a stress of 11 kPa, while the others reached
strains nearer to 25% and stresses between 20 and 26 kPa. The data from the test
of the third specimen were excluded because of these differences. The exclusion of
this test was justified by the fact that the two specimens which behaved similarly
were rehydrated and cross-linked at the same time, and the third specimen was cross-
linked weeks later. The stress-strain curve for the 12G sponge which was cross-linked
at a later time was also different than the other two specimens, but the differences
were not as drastic as those seen in the 0.5G group, so the data from the third 12G
sponge was included. Because the glutaraldehyde cross-linking process the used each
time was not altered, these observations may indicate the variability inherent in the
glutaraldehyde cross-linking method. This variability is unexplained, but must be
taken into consideration in future work if glutaraldehyde cross-linking is to be used.
None of the type II collagen sponge mechanical test data were included in this
thesis. The failure of the specimens at the clamped ends and the resulting stress-
strain relationships appeared to be the result of the limitations of the specimens,
which were smaller than the CG sponges and very fragile when rehydrated. It could
not be proved that these data did or did not represent the true stress-strain behavior
of type II collagen sponges, so they were excluded.
In general, the apparatus used to perform the mechanical tests and to compute
the strain seemed to provide consistent results. The computer errors which caused
data from some tests to be lost were eventually determined to be operator-caused.
Only in the case of the excluded UV cross-linked sponge test does it appear that the
errors in force-time data were caused by a problem with the testing apparatus. The
primary difficulty in using the testing bath involved clamping the sponge with the
acrylic clamps. Although the design of the clamps seemed to prevent the sponges
from failing at the clamps, it was often difficult to orient the sponge in the clamp
properly, and on one occasion, the excessive handling of the specimen needed to place
it in the clamp resulted in it being torn and rendered useless for testing. A redesign
of the clamps to make them easier to use would improve the testing procedure and
results.
4.2.2 Analysis of Mechanical Testing Data
The stress and strain data were computed and plotted as simple line graphs with
lines connecting the consecutive data points. The shape of the lines plotted for all of
the tests showed a concave up relationship between stress and strain, with the sponges
stiffening as the strain increased. Because the curves were somewhat parabolic in
shape, a second-order polynomial regression was performed on the stress and strain
data set for each mechanical test rather than a simple linear regression.
The data very closely fit the curves which were calculated. The R 2 values for the
curves ranged from 0.963 to 0.998. Because the coefficients of determination were so
high, the curves and their equations were used to represent the mechanical properties
of each sponge tested.
4.2.3 Modulus of Elasticity of CG Sponges
The modulus of elasticity for sponges from each treatment group increased with
increasing strain. The stress-strain behavior of the uncross-linked and cross-linked
groups was similar to that which had been noted in an earlier study [13], although the
strains and stresses noted in that study were considerably higher, due to the difference
in the CG sponges tested. Chen's study used a CG sponge "rod", a cylinder-shaped
sponge with axially aligned pores with average diameters of 30 pm. The magnitudes of
stress, strain, and modulus values calculated for this thesis are comparable to Chen's
values when the differences in sponge geometry, pore diameter, and pore alignment
are taken into account [30]. The average modulus for each treatment group was
compared at 5, 10, and 15% strain (Figure 3-8). While half of the groups which were
tested reached strains greater than 20%, the maximum strain used for this analysis
was 15%, to account for the groups which failed at or around 15% strain.
At 5, 10, and 15% strain, the elastic modulus of DHT group sponges was sig-
nificantly lower than that of all other groups which had been further cross-linked.
Among the other groups at 15% strain, the difference in modulus of elasticity was
significant only between the 24G and 0.5G groups. At 10% strain, differences in the
elastic moduli were only significant between the ETH and 24G groups, and the 0.5G
and 24G groups. Similar results were seen at 5% strain.
It is important to note that the mean elastic moduli which were not considered
significantly different were not always close in value. An example of this can be
seen in comparing the modulus values for the UV group and the 12G group at 15%
strain (Table 3.1). The mean modulus value for the UV group is approximately
185 kPa, while the mean modulus value for the 12G group is approximately 138 kPa.
Still, these values are not significantly different because of the large standard error
associated with the low number of specimens tested. In the case of the DHT group,
four specimens were tested, and all of the stress-strain curves were very similar to
each other (Figure 3-1). As a result, the error for the DHT group values was relatively
low. The 0.5G group mean modulus at all three strain values is an example of a case
in which the error is relatively low because the stress-strain curves were so similar
(Figure 3-4). The 0.5G curves actually appear to be closer in shape and magnitude to
each other at than the four DHT curves, but the standard error for the DHT group
is lower because of the greater specimen number. In cases such as the UV group,
however, in which the curves were similar but not as close as the DHT curves, the
error is high. Assuming that additional specimens cross-linked in the same manner
would also have similar stress-strain behavior, the error would be expected to decrease
as more tests were included in the average. Thus, data from additional mechanical
tests may show that the mean elastic moduli for most of the groups are significantly
different from each other. Without that data, however, significant differences among
most groups can only be found at 5% strain. The variability in mechanical properties
of 0.5G and 12G specimens cross-linked at a later time is another reason for testing
a greater number of specimens. Further mechanical testing on sponges from the
various treatment groups is necessary to draw clear conclusions about the effect of
each particular cross-linking method on the modulus of elasticity of the sponges.
4.3 Fibroblasts and Cell Seeding
4.3.1 Tendon Harvest and Digestion
Fibroblasts were harvested from calf patellar tendon within 3 hours of sacrifice,
and the digestion of the tendon began within 5 hours of sacrifice. The length of time
between animal sacrifice and the start of the collagenase digestion did not seem to
have an adverse effect on the cell viability (85% viability), as 1.3 million live cells per
gram of patellar tendon were obtained.
The process of digestion in trypsin and collagenase was used with this particular
tissue because it has such low cell density. The process would allow for most of
the cells to be released from the tendon extracellular matrix as it was digested by
collagenase, providing a primary culture with a large number of cells. The drawback
of the collagenase digestion is that it may affect the behavior of the cells, which must
survive lengthy periods of exposure to trypsin and collagenase.
Cells can also be obtained from the tissue through the use of explants. In this
method, the tissue would be cut into small pieces, placed on a cell culture dish, and
covered with culture medium. The cells then slowly migrate out of the tissue into
the nutrient-rich atmosphere of the culture dish, attach to the dish, and begin to
proliferate. This method avoids the effects of a lengthy enzymatic digestion. The
outgrowth of cells from the tissue, however, is a slow process, and it is reasonable to
believe that a percentage of the cells in the tissue will die before being able to migrate
onto the medium-covered culture dish. In addition, the cells are still cultured on a two-
dimensional culture dish as they are following digestion. This change in environment
from three-dimensional collagen extracellular matrix to two-dimensional tissue culture
dishes may also affect the phenotype of the cells.
Explants can also be placed directly on the sponge to be seeded, so that the cells
can migrate directly into the sponges from the tissue. In studies where the behavior
of a specific cell type from a specific source is to be studied while in the sponges, this
method avoids both digestion and two-dimensional culture. The drawback of this
method is that it is difficult to control the number of cells which are seeded in the
sponge.
Tenocytes were used for this seeding experiment because tendon is one tissue for
which cell-seeded CG sponges have been considered [37]. Additionally, the calf tendon
was a readily available source. The collagenase digestion of the tendon tissue, while
not ideal, allowed for retrieval of a large number of cells for culture, and did not
appear to adversely affect the contractile nature of the tenocytes, and this was the
behavior of the cells most important for this study.
4.3.2 Cell Seeding
Following the cross-linking and measurement of the sponges, the sponges were
soaked in complete cell culture medium as the cells were being prepared for seeding.
This step was intended to introduce the nutrients from the medium throughout the
thickness of the sponge, thus providing an environment into which the cells would
migrate.
The "drying" step removed excess medium from the sponge, allowing the cell
suspension room to infiltrate the sponge. This step improved the seeding of a highly
concentrated suspension of cells in culture medium by preventing excessive spilling of
the suspension off of the sponges and onto the culture wells.
Three percent of the cells which had been seeded onto the sponges remained in
the medium after three days in culture. An assay of DNA content of the selected
sponges after three days in culture showed that an average of 536,000 ± 156,000
cells in each sponge, and the original seeding density was 500,000 cells per sponge.
The culture conditions and seeding method, therefore, appeared to have allowed for
efficient seeding of fibroblasts into the sponges.
4.3.3 Cell Infiltration and Morphology
The infiltration of cells into the interior regions of the disk by the seventh day
in culture showed that the fibroblasts were able to attach to and migrate within the
sponges, although the majority of the cells were found in the edge regions of the
disk at this time point. By the 14th and 21st day, cells had migrated throughout
the sponges and proliferation was evident, both from histological sections and DNA
assay. In sponges which underwent contraction (DHT, ETH, UV, and 0.5G), 10-
30 pm thick layers of cells were present at the periphery of the disk at 14 and 21
days. In both the edge and center regions of these sponges, cells were both elongated
and ovoid (Figure 3-10). In the CG sponges which underwent less contraction (12G
and 24G), the cell layer at the sponge edges was present but not as thick. The cells
in the interior of the disk were evenly distributed and fusiform in shape, elongated
along the matrix fibers (Figure 3-11).
The difference in the distribution of the cells in the sponges is most likely due
to the fact that the pores of the stiffer sponges were not as severely contracted by
the cells, allowing for easier migration and infiltration. Even at 21 days, the pore
structure of the 12- and 24-hour glutaraldehyde cross-linked sponges does not even
appear to have been contracted by the cells. The open pores facilitate cell migration
throughout the sponge, resulting in a more even distribution of cells than is seen in
the highly contracted sponges with closed pores. Another notable finding was that the
DNA content, and thus the number of cells, in the DHT sponges was considerably
lower than that of the ETH sponges. The ethanol treatment had originally been
used as a method for sterilization and because earlier studies showed improved cell
infiltration into ethanol-soaked sponges. This latter observation may be related to
the modification of the wettability of the sponge by ethanol. The results of the DNA
assay for this thesis support those studies.
The difference in cell morphology in sponges of different stiffnesses may be related
to the contractile behavior of the cells in the sponge. In the stiffer sponge (Figure 3-
11), all of the cells were highly elongated along the length of the open sponge pores
at 21 days. In contrast, the sponges which underwent contraction (Figure 3-10)
contained many more cells which are ovoid in shape at 21 days. This suggests that
the elongated cells on stiffer sponges were exerting contractile forces on the pore walls,
but that the stiffness of the sponge was high enough to resist the contractile force of
the cells. The more ovoid shape of the cells in the lower modulus sponges may be
related to the contracted state of the cells.
The contraction of the sponge pores is discussed in more detail in section 4.4.2.
4.4 Contraction of Collagen Sponges
4.4.1 Shrinkage and Cell-Mediated Contraction
Shrinkage of the sponges was noted in both the seeded and control sponges in
several groups. The shrinkage of the unseeded control sponges is most likely explained
by the presence of strains in the sponges following freeze-drying. The freeze-drying
"sets" the sponge in a structure which then shrinks when the sponge is immersed in
an aqueous medium because water is a mild plasticizer for collagen, and the strains
are relieved [61]. Cross-linking the sponges can prevent this relaxation of the sponge
strains, by chemically or physically "setting" the sponge structure. This is evident in
the lack of shrinkage of unseeded sponges which were cross-linked with glutaraldehyde
and the slight shrinkage in the sponges cross-linked with ultraviolet irradiation.
In order to account for the shrinkage of the unseeded sponges, the cell-mediated
contraction was defined as the percent contraction of the control sponges minus the
percent contraction of the seeded sponges. The cell-mediated contraction was then
divided by the average DNA content of the sponges in order to account for the number
of cells in the sponges. In comparing the ETH and 0.5G groups at 21 days, the
overall contraction in the ETH group is much greater than that of the 0.5G group
(Figure 3-21). Computation of cell-mediated contraction shows that the results are
not significantly different for these two groups. However, when the cell-mediated
contraction is normalized by the mean DNA content in the sponges, the difference
between the 0.5G and ETH group contraction becomes evident (Figure 3-27).
The calculation of cell-mediated contraction and the normalization of that value
by the DNA content resulted in a relationship between contraction and cross-linking
groups that closely matched what was expected based on the results of other studies
and on previous experience. Because the type I CG sponges were all initially DHT
cross-linked, it was expected that the sponges which were not cross-linked any further
(DHT) would undergo the most cell-mediated contraction. The glutaraldehyde cross-
linked sponges were expected to contract less as their cross-linking time increased,
and this relationship is evident in Figure 3-27. The contractability of the ethanol
and UV cross-linked groups were expected to fall between the DHT group and the
glutaraldehyde treated groups.
Based on an earlier study [43], the type II collagen sponges were not expected to
contract. The unseeded control sponges were smaller than the seeded type II collagen
sponges, resulting in the negative contraction values shown in Figure 3-27. The reason
for this is unexplained, however, the results still show that the type II sponges are not
contracted by the seeded fibroblasts. It is worth noting that the type II sponges had
the greatest DNA content, and upon rehydration, became very fragile. Still, these
densely populated, low modulus sponges underwent no contraction. This result is
evidence that cells' inability to contract these sponges may be related to factors other
than the sponge stiffness, including biochemical composition of the sponges.
4.4.2 Contraction of Pores
The contraction of the pores in the sponges was investigated with the light mi-
croscope. Clear differences can be seen in the pores of an ethanol (ETH) treated
sponge at 21 days, and a 24G sponge at 21 days (Figure 3-25). In the sponges which
were greatly contracted, micrographs of the sponges at the different time periods Fig-
ures 3-23 - 3-24) showed that the contraction of the pores was nonuniform, occurring
in the edge region of the disk first. By the 14th day in culture, the pores at the edge
of the disk were almost completely closed, but the pores in the center of the disk were
still somewhat open. Hematoxylin and eosin-stained sections highlight a multilayered
cell capsule at the periphery of the sponge. In addition, there were many more cells
visible in the edge region of the sponges than in the center at all time points. This
cell continuous layer at the periphery is most likely responsible for contracting the
edge region of the sponge during the earlier time periods. At the same time that the
cells in the edge are contracting the matrix pores, the cells inside the sponges are
proliferating and beginning to exert more significant contractile forces directly on the
walls of the scaffold to contract the inner pores.
4.4.3 Presence and Role of Myofibroblasts
Because myofibroblasts have been implicated in the contraction of biomaterials
such as collagen lattices and gels [4], as well as the CG sponges [6, 36, 40, 43], their
role in the cell-mediated contraction of the cross-linked CG sponges in this study
was investigated. The immunohistochemical stain for a-smooth muscle actin clearly
demonstrated the presence of this contractile actin isoform in the cytoplasm of a large
majority of cells in the scaffolds from all cross-linking groups and all time periods.
Cells were stained positive for a-smooth muscle actin in almost equal percentages in
the edge and center regions of the sponges, with almost all of the cells in both regions
staining positively, and all of the cells in the multi-layered cell capsule at the periphery
staining positively. At no time period or sponge region was a high percentage of
cells noted that did not stain positively for a-smooth muscle actin. These findings
suggest that the contraction of the sponges is the result of myofibroblast activity. It
is worth noting that the cells used for this work may have expressed the myofibroblast
phenotype while still in 2-D culture. Investigators have found the a-smooth muscle
actin isoform in varying percentages in corneal fibroblasts attached to tissue culture
wells [39], therefore it is possible that some percentage of the cells used for this work
expressed the myofibroblast phenotype prior to seeding.
Investigators have proposed that cell contraction of biomaterials is the result of
contractile forces generated by myofibroblasts, while others have concluded that the
contractile force is provided by migrating fibroblasts [22, 23]. The immunohistochem-
ical stain used to analyze sections of the sponges for this study clearly shows a high
percentage of myofibroblasts in the matrix. This suggests that myofibroblast contrac-
tion is responsible for the contraction of the sponges. It is notable, however, that the
contraction of these sponges was first seen in the edge regions, which were densely
populated by myofibroblasts even at early time points, and which were surrounded
by a cell-continuous layer. The center region contained myofibroblasts at early time
periods as well, although the density of both myofibroblasts and fibroblasts in the
interior of the sponge was much lower than in the edge region. It is reasonable to
believe that at early time points, cells were migrating from the edge regions of the
sponges into the center region. Because most of the cells in the edge region were
myofibroblasts, it would appear that the cells migrating into the sponge interior were
myofibroblasts. Therefore, it may be that the contraction of the sponge pores was
the result of a combination of simple myofibroblast contraction by the cells at the
periphery and edge region of the sponge, as well as by myofibroblast locomotive forces
as they migrated into the interior of the sponge. A combination of contractile and
locomotive forces, therefore, may be responsible for the highly contracted pores in the
sponge edge regions at earlier time points, and for the contracted pores throughout
the sponges at later time points.
4.5 Effect of Modulus of Elasticity on Cell-Mediated
Contraction
The effect of modulus of elasticity on cell-mediated contraction was determined
by plotting the normalized average cell-mediated contraction at 21 days against the
average moduli of elasticity at 10 and 15% strain. Based on the linear regression
model of the effect of modulus of elasticity on cell-mediated contraction, a modulus
value could be chosen which would allow only a desired amount of contraction of the
sponges. An appropriate method could then be chosen to cross-link the sponges to
obtain the needed elastic modulus.
Chapter 5
Conclusions
Tendon fibroblasts will attach to, migrate into, and proliferate within CG sponges.
A large majority of cells seeded in CG sponges express the myofibroblast phenotype.
These cells are able to contract sponges with low stiffness, but their contractile force
is not sufficient to contract the stiffer sponges used in this study.
There is a relationship between the cell-mediated contraction of CG matrices and
modulus of elasticity. From this relationship, DHT treatment alone is not sufficient to
resist contraction by tendon fibroblasts seeded at the density used in this experiment.
The distribution of cells and the nonuniformity of contraction in the sponges varies
with cross-linking treatment. These factors need to be considered, along with modulus
of elasticity, in treatment of matrices to achieve selected contraction resistance. In
this regard, the mean modulus for CG sponges may have to be tripled from the DHT
level in order to resist contraction.
The similarity in modulus values for the ETH, UV, and 0.5G groups, and the
comparable cell-mediated contraction indicates that physical cross-linking methods
such as UV irradiation can be effectively used to control the elastic modulus and as
a result, the cell-mediated contraction of the sponges. Use of physical cross-linking
methods may improve cell viability in the sponges because the potentially cytotoxic
chemicals most often used for cross-linking can be avoided.
Chapter 6
Future Work
6.1 Mechanical Testing of CG Sponges
Further tensile testing of CG sponges with a higher sample number should be done
to reduce error. In addtion, improvements in the design of the testing apparatus may
make the testing procedure easier and less likely to cause specimen damage. Tensile
tests of the type II sponges should also be attempted using a different specimen size
or shape to prevent the problems encountered in this experiment. The effect of strain
rate on the stress-strain behavior of CG sponges should also be studied.
Because cells attached to the sponges are exerting a compressive force on the
pore walls, compression testing of CG sponges may provide valuable insight into the
sponge stiffness needed to resist contraction.
6.2 Cross-Linking Treatment
Cross-linking treatments should be replicated in several batch processes in order
to determine the reproducibility of the methods. Ultraviolet irradiation of sponges
should be improved so that cross-linking of sponges is more uniform. Additionally,
cross-linking of sponges with UV and DHT for various times should be done in order to
determine the suitability of these methods for producing sponges of varying stiffnesses.
6.3 Cells and Cell-Seeding
Study of additional cell types seeded into the sponges should be done to determine
the extent to which cell type determines the degree of sponge contraction. In addition
to varying cell type, the number of cells seeded into the sponges and the cell passage
number should also be varied to determine the effects of those factors.
Transmission electron microscopy should be used to provide ultrastructural evi-
dence of the myofibroblast phenotype in cells attached to the CG sponges.
6.4 Cell-Mediated Contraction of Collagen Sponges
The present findings have provided a useful guide for the cross-linking treatment
of CG matrices relative to cell-mediated contraction. Future work should quantify the
nonuniform pore deformation with time, and explore the relationship between matrix
contraction and certain compressive properties to obtain a more accurate model.
Appendix A
MATLAB Code for Disk
Measurement
function y=process(filelist,dime_file)
% Process image files, processed image output to $file.prc, area
% information output to $file.info. info file contains pixel count,
% area, and the name of the dime file used to calculate area.
' Input to the function is the list if files and the name of the dime file.
' process('(file list)','(dime file)');
%%%% Process dime image %%%%
dime_jpg=imread(num2str(dime_file)); X Read in dime image
dime_jpg=double(dime_jpg); X Convert image data to double floats
dime_img=sqrt(dime_jpg(:,: ,1).2+dime_jpg(:,:,2).^2+dimejpg(:,:,3).-2); "Energy"
dime_img=dime_img-min(min(dime_img)); % Normalize "energy" values to [0,1]
dime_img=dime_img/max(max(dime_img)); % "
dime_img=dime_img<.5; % Background/Dime decision
dime_img(:,1)=zeros(240,1); % Get rid of bad edges from
dime_img(236:240,:)=zeros(5,360); % video capture
dime_area_pix=sum(sum(dime_img)); % Area of dime in pixels
dime_area_sq_mm=249.9652; % Area of dime in sq. mm.
%%%% Process files in file list %%%%
garb=strcat('fid=fopen('' ',num2str(file_list),''',"'rt'');');
eval(garb);
while 1
file = fgetl(fid); % Load file name
if -isstr(file), break, end
fprintf('%s\n',num2str(file))
file_prefix=strtok(file,'.'); % remove file suffix
prc_file=strcat('/home/dst/ContractionImages/',num2str(file-prefix),'.prc');
dat_file=strcat('/home/dst/Contraction-Images/',num2str(fileprefix),'.dat');
file_jpg=imread(num2str(file)); % Read Image
file_jpg=double(filejpg); % Convert image data to double floats
file_img=sqrt(filejpg(:, :,1).2+file-jpg(:,:,2).-2+file(jpg(:,: ,3).^2); % "Energy"
fileimg=fileimg-min(min(file_img)); % Normalize "energy" values to [0,1]
file_img=file_img/max(max(fileimg)); % ""
file_img=file_img<.5; % Background/Disk decision
fileimg(:,1)=zeros(240,1); X Get rid of bad edges from video capture
file_img(236:240,:)=zeros(5,360); % ""
imwrite(file_img,num2str(prc_file),'jpg'); ' Save processed file
fid2=fopen(num2str(datfile),'w');
file_area_pix=sum(sum(file_img)); ' Calculate area in terms of pixels
fprintf(fid2,' s '.g Ad\n',num2str(dime_file),\
file_area_pix/dime_area_pix*dime_area_sqmm,fileareapix); ' Write data to file
fclose(fid2);
end
fclose(fid);
y= 1 ;
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